The electronic recombination properties of Mg-doped GaN have been investigated by steady state and time-resolved cathodoluminescence ͑TRCL͒ in the scanning electron microscope, photocurrent ͑PC͒ spectroscopy, and optical beam induced current ͑OBIC͒. CL and OBIC maps reveal an inhomogeneous recombination activity in the investigated material. Deep levels giving rise to level-to-band transitions were detected by PC spectroscopy. A large PC quenching observed upon illumination with light of ͑2.65-2.85͒ eV is tentatively attributed to metastable traps within the band gap. CL spectra reveal the existence of emission bands centered at 85 K at 3.29, 3.20, 3.15, and 3.01 eV, respectively. Both time-resolved and steady-state CL measurements carried out under different excitation conditions indicate that the 3.15 and 3.01 eV emissions are likely related to donor-acceptor pair transitions. TRCL measurements also reveal different recombination kinetics for these bands and suggest that deep donors are involved in the mechanism responsible for the 3.01 eV emission.
I. INTRODUCTION
Gallium nitride has become one of the most promising semiconductors for optoelectronics and high power/high temperature applications. In this context, good quality p-type GaN is one of the key requirements in developing highperformance devices. 1 However, compensation of acceptors is still a serious problem in nitrides technology while it is also recognized that a better understanding of the influence of deep level defects on the electronic and optical properties of GaN is necessary in order to improve devices design. 1, 2 On the other hand, standard growth of p-type GaN makes use of epitaxial techniques on sapphire and SiC substrates. Mismatch-induced lattice strain causes the formation of extended defects, mainly dislocations, which create a highly degenerate layer at the GaN/sapphire interface 3 and partially propagate in the growth direction. 2 Several electron and optical beam injection techniques have been applied to study gap states in GaN. Cathodoluminescence ͑CL͒ in the scanning electron microscope ͑SEM͒ has been previously used to obtain information on the spatial distribution of the different emission bands and their association to extended defects, e.g., Refs. 4 and 5. However, timeresolved cathodoluminescence ͑TRCL͒ has been mainly used to investigate relaxation kinetics of charge carriers in GaNbased quantum heterostructures. 6 Another spectroscopic technique, spectrally resolved photocurrent ͑PC͒, has been recently applied to the study of trapping processes in GaN. 7, 8 As compared with CL, that evidences radiative internal and band-to-level transitions, PC allows us to detect both radiative and nonradiative band-to-level transitions. A further useful technique for semiconductor characterization, chargecollection optical scanning microscopy, has been scarcely employed in defect assessment of this wide band gap semiconductor. 9 In the present work, TRCL in the SEM, optical beam induced current ͑OBIC͒ microscopy and PC spectroscopy are used as a set of complementary techniques to study the recombination kinetics and the electrical and optical properties of the defect structure of Mg-doped GaN. In particular, the homogeneity of the recombination activity and the origin of deep level related transitions-detected by PC and CL under different excitations conditions-have been investigated.
II. EXPERIMENT
Mg-doped GaN, 1.8-m-thick, grown by molecular beam epitaxy ͑MBE͒ on sapphire was investigated in this work. Room temperature capacitance-voltage and Hall measurements respectively indicate a free carrier concentration of pϭ1ϫ10 17 cm Ϫ3 and a mobility of h ϭ15 cm 2 /V s. CL observations were carried out in a Hitachi S-2500 SEM. Measurements were performed at accelerating voltages ranging from 5 to 20 kV and temperatures between 85 and 295 K. One of the main topics addressed by previous CL studies of Mg-doped GaN was the evolution of luminescence spectral distribution with electron beam irradiation time and its possible relation with dissociation of Mg-H complexes. 10, 11 In the present study, a global increase of the CL emission with increasing irradiation time was also detected, but no change in the relative intensities of the observed spectral features was found. Such overall intensity increase saturated after 5-10 min of continuous irradiation, depending on the excitation conditions. CL spectra presented in this work were recorded after the mentioned saturation In order to perform PC and OBIC measurements, semitransparent Schottky diodes 200 Å thick were deposited on the film by Au evaporation, while ohmic contacts were prepared using an eutectic Ga-Al alloy. These experiments were performed at room temperature using the experimental setup described in Ref. 13 with a beam light diameter of 5 m. In spectral photocurrent analyses the light wavelength was changed from 320 to 650 nm ͑3.88 to 1.91 eV͒. The monochromator slit widths were properly adjusted in order to maximize resolution of PC spectra obtained under different bias conditions. CL and PC spectra were corrected for the optical response of the systems used. OBIC scanning microscopy was carried out illuminating the sample with a 352 nm ͑3.52 eV͒ light.
III. RESULTS AND DISCUSSION
The film shows a featureless surface in the SEM secondary electron mode observations. On the contrary, SEM-CL images ͓Fig. 1͑a͔͒ reveal an inhomogeneous luminescence spatial distribution, showing a granular contrast pattern in which the smallest observed features are of the order of 0.4 m. Efficient CL emission is observed in areas of up to about 35 m 2 in size. No contrast changes have been observed by increasing the electron beam accelerating voltage while keeping a constant beam power, which suggests a uniform in-depth distribution of the radiative recombination centers. In addition, no microcracks or large optically dead areas have been found. OBIC mapping ͓Fig. 1͑b͔͒ shows a black/white contrast related to the defect distribution very similar to that observed by panchromatic CL, although the spatial resolution is lower due to the large light beam spot size. These CL and OBIC contrasts were observed regardless the investigated area of the material. Dark OBIC contrast is related to both nonradiative and radiative recombination processes, thus, the similarity of OBIC and CL patterns suggests that the dark OBIC contrast is related to nonradiative recombination. 14 Steady state CL spectra show luminescence emission in the ͑2.6 -3.5͒ eV spectral range ͑Fig. 2͒. The spectral distribution of the CL was found to be homogeneous throughout the investigated material. No emission in the green or yellow range of the visible spectrum was detected at low ͑85 K͒ or room temperature. In order to evidence a possible thickness dependence of the distribution of the radiative centers involved in the observed luminescence bands, depth-resolved depth distribution of recombining defect centers can be distinguished from effects due to unequal carrier injection conditions. It was found that the relative intensities of the emission bands appearing in steady-state CL spectra were independent of the accelerating voltage used, which evidences that the defect centers responsible for the luminescence emissions are uniformly distributed throughout the sample. Such observations were confirmed by CL measurements carried out in cross-section configuration.
Gaussian deconvolution of the spectra obtained at 85 K reveals the existence of four CL bands centered at this temperature at about 3.29, 3.20, 3.15, and 3.01 eV ͑Fig. 2͒. The same peak positions are found by deconvolution of other CL spectra recorded either in planar or cross-section configuration. The 3.29 eV emission, with its phonon replica at 3.20 eV, has been attributed in Mg-doped GaN either to a shallow donor-acceptor pair ͑DAP͒ transition 15 or to a free electronto-acceptor transition (e 0 ϪA). 16 No energy shift of this peak was observed in the present work when the excitation density was varied, which agrees with the free electron-acceptor transition model. In addition, such emission was found to be the dominant band at 85 K. These observations suggest a rather high degree of compensation in the material here investigated, as supported by the quite low hole concentration measured. 16 This emission is significantly quenched above 200 K due to free hole release rather than to acceptors thermal ionization.
17 Figure 3 presents CL spectra obtained in the temperature interval where the gradual quenching of the free electron-acceptor transition takes place and the lower energy CL bands become the dominant emissions. It was found that the bands centered at 3.15 and 3.01 eV at 85 K strongly shift to lower energies by increasing temperature. At 180 K, these emissions appear centered at 3.06 and 2.92 eV, while at 280 K they appear respectively peaked at 2.92 and 2.76 eV, giving rise to the broadband centered at 2.86 eV shown in Fig.  4 . In addition, the width of such emissions increases when temperature is raised. Full widths at medium height ͑FWMH͒ of 150 and 225 meV were, respectively, found at 85 K for the 3.15 and 3.01 eV CL bands, while at 280 K FWMH values of 290 and 395 meV were measured for the mentioned emissions. These values are similar to the ones previously observed in photoluminescence ͑PL͒ experiments by Sheu et al. 16 and Reshchikov et al.
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A PL band centered at 3.1-3.2 eV has been related in MBE-grown GaN:Mg to shallow acceptors. 17 However, the origin of the 3.01 eV band remains unclear. Different models have been proposed to explain the so-called blue luminescence of Mg-doped GaN. This emission has been often attributed to a DAP transition involving a deep level, but there has been no consensus as to whether the deep defect is a deep donor 18, 19 or a deep acceptor. 16 The temperature redshift of the blue GaN:Mg band observed in this work agrees with the proposed DAP nature of the emission. Under the high CL excitation conditions, the Coulomb interaction between close pairs is strong and the resultant ionization energy decreases enough for thermal release of charge carriers. As a result, the high-energy portion of the spectrum begins quenching at lower temperatures and the band is redshifted. Nevertheless, it should me mentioned that transitions from the conduction band to a deep acceptor 20 or transitions from a deep donor to the valence band 21 have also been proposed to explain the blue emission. We will further address this point when discussing our TRCL data.
PC measurements reveal the existence of traps in spectral ranges where no CL emission was detected under any excitation conditions. Besides the peak centered at about 3.45 eV, related to the band gap excitation, two other peaks are observed at 2.39 and 2.29 eV ͑Fig. 5͒. Transitions in the green-yellow range are rarely observed in p-type GaN films. It has been often suggested 21, 22 that the yellow luminescence band is present in n-type GaN due to the existence of gallium vacancies or gallium vacancies complexes. In the frame of this model, Mg atoms compensate the V Ga in Mg-doped GaN 23 and therefore the yellow emission decreases even if it does not always completely disappear. Salviati et al. 24 observed CL emission at 2.2 eV in MBE grown p-type GaN and proposed a transition between a deep N Ga donor and a shallow Mg Ga acceptor as the mechanism responsible for the observed luminescence. Yellow PL, attributed to Mg-O complexes, has also been occasionally observed in GaN bulk crystals. 25 Whatever their nature is, observation of the 2.39 and 2.29 eV peaks in our PC spectra but not in CL measurements carried out at different temperatures and excitation densities suggests that the mentioned peaks are related to defects giving rise to nonradiative transitions.
Another PC peak is observed centered at 3.30 eV. A peak at the same energy has been previously observed 26 in PC spectra of Mg-doped GaN films and attributed to a transition from a Mg shallow acceptor level to the conduction band. This level, located ͑130-170͒ meV above the valence band, has been also detected by Hall effect and admittance spectroscopy measurements.
27,28 Our 3.30 eV PC peak broadens by applying an external bias, maybe due to potential fluctuations typical in compensated GaN:Mg. Actually, the band is no more observed as a resolved peak when a reverse bias higher than 1 V is applied.
Spectra presented in Fig. 5 also show how upon illumination with light of ͑2.65-2.85͒ eV the photocurrent decreases below the dark current value when no bias voltage is applied to the sample, i.e., when current is just collected by the built-in voltage. This PC quenching is maximum at about 2.75 eV. Interestingly, the mentioned energy range coincides with the interval where luminescence emission has been observed in Mg-doped GaN films by CL and PL in this and other works. 19, 29, 30 Optical quenching of the photoconductivity and the persistent photoconductivity has been previously observed in n-type material GaN. 7, 31 Models proposed to account for these effects usually invoke the existence of metastable traps for minority carriers or the interplay between deep traps and recombination centers within the band gap. In our case, the existence of a metastable electron trap located 2.75 eV above the valence band ͑about 0.65 eV below the conduction band͒ would explain the decrease of the PC level below the dark current level. Upon illumination with light of the same energy as the electron trap, a change in the electronic configuration of the defect related to the trap takes place, e.g., due to a change in the charge state of the defect or to a lattice relaxation to a more stable configuration. Electrons may then escape from this trap and recombine radiatively with valence band holes. This would lower the free hole concentration leading to the observed dark current decrease. Theoretical studies 32 indicate that Mg i -V N complexes with different charge states may introduce defect levels in the band gap-clustered at around 2.8 eV above the valence band maximum-related to different lattice relaxations of the neighboring Ga atoms. Besides, an energy barrier of about 1.4 eV was calculated for Mg migration from the complexes to the nearest interstitial sites. Our experimental results show that photocurrent quenching is suppressed applying a 1.5 V bias voltage to the sample, although a systematic study of the threshold bias necessary to avoid such quenching has not been carried out. It should also be mentioned that the existence of a deep donor at about 0.62 eV below the valence band has been observed by deep level transient spectroscopy in Mg-doped samples. 33 Figure 6͑a͒ shows TRCL spectra recorded at 180 K for a delay time of 1 ms and beam excitation pulses of 3 and 70 s. Steady state spectra obtained at the same temperature ͑Fig. 3͒ show almost equal intensities for the CL (e 0 ϪA) emission ͑3.29 eV͒ and the CL bands observed at lower energies ͑3.06 and 2.92 eV͒. On the contrary, TRCL spectra presented in Fig. 6 show these low energy bands as the dominant emissions. Gaussian deconvolution of the TRCL spectrum recorded after excitation with 3 s pulses ͓Fig. 6͑b͔͒ shows the mentioned bands centered at 3.02 and 2.82 eV, i.e., redshifted as compared with the steady state spectrum recorded at the same temperature. In addition, the overall emission appears to further redshift when the excitation pulse width is increased from 3 to 70 s. However, deconvolution of several TRCL spectra recorded after excitation with 70 s pulses indicate that this apparent shift is actually due to the intensity increase of the 2.82 eV component relative to the 3.02 eV band. This is confirmed by measurements of the intensity of both CL bands as a function of the excitation beam pulse width ͑Fig. 7͒. The experimental data are well fitted by the following empirical law:
I s represents the CL intensity in the quasisteady state and f -the key parameter providing information on the recombination kinetics-is the time for the CL intensity to reach a factor (1Ϫ1/e) of I s . It is clearly appreciated that a quasisteady state condition is not reached for any of these emissions with pulses shorter than about 450 s. Results obtained after fitting our data to Eq. ͑1͒ give f values of ͑162Ϯ8͒ s and ͑109Ϯ5͒ s for the 2.92 and 3.06 eV bands, respectively ͑Fig. 7͒. The slower intensity raise of the 2.92 eV luminescence explains why its relative weight in the total emission increases by increasing the electron pulse width, shifting the overall CL maximum towards lower energies ͓Fig. 6͑a͔͒.
As discussed before, our steady state measurements carried out at different temperatures supported the DAP nature of the CL emission bands centered at 180 K at 3.06 and 2.92 eV. TRCL measurements agree with this possibility as well. The observed redshift of both bands with increasing delay time is due to differences in the Coulomb interactions for close and distant pairs. Pairs with a small separation will emit at higher energies with shorter lifetimes, whereas the more distant pairs emit at lower energy with a longer decay time. 34 In particular, the shift of about 100 meV observed for the blue 2.92 eV band is indicative of its deep donor-acceptor transition nature, in agreement with previous time-resolved PL studies. 35 The deep donor has been attributed to Mg Ga -V N , Mg i -V N or V N -H 19, 32, 29 complexes, while the acceptor is likely related to a substitutional Mg Ga defect. 29, 36 Nevertheless, the role of potential fluctuations, characteristic of highly compensated semiconductors, should be also taken into account. Actually, DAP emission and non-DAP emission in the presence of potential fluctuations bear a number of similarities, 18 and it can be difficult to distinguish which one of these two mechanisms is responsible for the 2.92 eV emission. It was found in this work that a reduction of the electron beam excitation density did not lead to a larger redshift of the mentioned blue CL band. A larger redshift at reduced power density would be observed if the shift were related to potential fluctuations effects, since screening of fluctuations would be reduced due to decreased screening. 37 Hence, this observation indicates that potential fluctuations may play only a secondary role on the emission mechanism, that would correspond to a DAP transition. 
IV. CONCLUSIONS
The local optical and electronic properties of Mg-doped GaN have been investigated using CL in the SEM, TRCL, PC spectroscopy, and OBIC microscopy as a set of complementary characterization techniques. CL and OBIC mappings show a highly inhomogeneous recombination activity in the investigated material. PC spectroscopy reveals the existence of deep levels giving rise to nonradiative transitions in the green-yellow range of the visible spectrum, as well as other levels influenced by electric field effects. A strong photocurrent quenching observed upon illumination with light of ͑2.65-2.85͒ eV is tentatively attributed to metastable traps within the band gap. Steady-state CL spectra reveal the existence of emission bands centered at 85 K at 3.29, 3.20, 3.15, and 3.01 eV. The behavior of these bands under different excitation conditions has been monitored. CL measurements carried out at several temperatures and excitation densities indicate that the 3.15 and 3.01 eV emissions are likely related to DAP transitions. This is confirmed by TRCL spectra showing a clear redshift of the corresponding peak positions with increasing delay time. TRCL measurements reveal different recombination kinetics for these bands and suggest that deep donors are involved in the mechanism responsible for the 3.01 eV emission.
